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Abstract 
Wire electric discharge machine (WEDM) is a spark erosion non conventional machining method to cut hard and conductive 
material with the help of a wire electrode. High strength low alloy steel (HSLA) is a hard alloy with high hardness and wear 
resisting property. The purpose of this study is to investigate the effect of parameters on metal removal rate for WEDM using 
HSLA as work-piece and brass wire as electrode. HSLA used in cars, trucks, cranes, bridges, roller coasters and other structures 
that are designed to handle large amounts of stress. It is observed that metal removal rate and surface roughness increases with 
increase in pulse on time and peak current. Metal removal rate and surface roughness decreases with increase in pulse off time 
and servo voltage. Wire mechanical tension has no significant effect on metal removal rate and surface roughness. Response 
Surface methodology (RSM) is used to optimize the process parameter for metal removal rate and surface roughness. Response 
Surface Methodology is formulating a mathematical model which correlates the independent process parameters with the 
desired metal removal rate and surface roughness. The central composite rotatable design (CCRD) has been used to conduct the 
experiments.  
© 2013 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of the organizing and review committee of IConDM 2013. 
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1. Introduction and Literature Review 
Wire cut electric discharge machine is a spark erosion process [1] to cut the hard material. For this material must 
be conductive. Brass, copper, tungsten and molybdenum wire of 0.05–0.3mm diameter as an electrode in 
conjunction with de-ionized water (used to conduct electricity) allows the wire to cut through metal by the use of 
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heat from electrical sparks. The gap between the work-piece and the wire electrode is controlled with the help of 
microprocessor and is maintained between 0.025mm to 0.05mm. Metal is removed with the help of moving 
electrode and that removed metal is flushed away by the help of dielectric.  Due to inherent properties of WEDM 
the complex and precision shape can be machined with this technique.   
 
Nomenclature 
Ton Pulse on-time (μs) 
Toff Pulse off-time (μs) 
SV  Spark Gap voltage (V) 
IP Peak Current (A) 
WT Wire Tension (g) 
MRR Metal Removal Rate (mm3/min) 
SR Surface Roughness (μm) 
WEDM Wire electric Discharge Machining 
RSM Response Surface Methodology 
CCRD Central Composite rotatable Design 
HSLA High Strength low alloy  
ANOVA  Analysis of variance  
 
Rajurkar and Wang [2] developed a frequency monitor to detect the thermal load for preventing the wire from 
rupture. The wire rupture phenomenon is also analyzed with a thermal model. Speeding and Wang [3] optimized 
the WEDM process parameters through Response Surface Methodology and Artificial Neural Networks. The 
design of experiment is investigated with the central composite rotatable design. The cutting speed and the surface 
roughness are the response characteristics. Beltrami et al. [4] worked on the improvement of the WEDM accuracy 
while cutting at full speed on virtually any contour. The system which is readily available on commercial WEDM 
is based on the on-line monitoring and control of the wire position by means of an optical sensor. Palanikumar [5] 
discussed the effect of cutting parameter on surface roughness and the optimum cutting condition for minimizing 
the surface roughness is evaluated. Their work is mainly based on Taguchi technique and response surface 
methodology for minimizing the surface roughness in machining glass fibre reinforced plastic. Lok and Lee [6] 
showed that the Wire-Cut EDM process is a viable material processing method for the machining of advanced 
ceramics and there is more work to be carried out for improving the surface finish of these advanced ceramics. 
Wire rupture is a troublesome phenomenon in wire cut electric discharge machining. There will be need to select 
the proper wire material with required wire strength for a specific application when a high cutting speed and tight 
tolerance is to be achieved. Kozak et al. [7] found electrical resistance between work-piece and wire electrode vary 
during the machining of low conductive material, due to this metal removal rate and surface roughness is affected. 
For the processing of low conductive material there must be a silver coating provided on that material so that very 
less variation in the electrical resistance and productivity is increased. Liao and Yu [8] studied the effect of specific 
discharge energy on machining characteristics under machining conditions. A quantitative relation between 
machining characteristics and machining parameters is derived. It was observed that materials having close values 
of specific discharge energy show similar machining characteristics under same machining conditions. The two 
most significant factors affecting the discharge energy ( -on time and servo voltage. Discharge-on 
time and work piece height have a significant effect on machined groove width. Puertas and Luis [9] optimized the 
process parameter for surface quality and dimensional precision, which are one of the most important parameters 
form the point of view of selecting the optimum conditions of processes, as well as economical aspects. During the 
optimization the mathematical model is developed for the response characteristics. Sarkar et al. [10] developed a 
second order mathematical model for the response characteristics like cutting speed, surface finish and dimensional 
-titanium aluminide alloy. Research study has been carried out with an aim to select the optimum 
cutting condition with an appropriate wire offset setting in order to get the desired surface finish and dimensional 
accuracy. El-Taweel et al. [11] found that WEDM allowed success in the production of newer materials, especially 
for the aerospace and medical industries. Using WEDM technology, complicated cuts can be made through 
difficult-to-machine electrically conductive components. The high degree of the obtainable accuracy and the fine 
712   Neeraj Sharma et al. /  Procedia Engineering  64 ( 2013 )  710 – 719 
surface quality make WEDM valuable. Their work highlights the development of mathematical models for 
correlating the inter-relationships of various WEDM process parameters like peak current, duty factor, wire tension 
and water pressure on the metal removal rate, wear ratio and surface roughness of Inconel 601 material using 
response surface methodology (RSM). El-Taweel [12] investigated the relationship of process parameters in 
electro-discharge of CK45 steel with tool electrode material such as Al–Cu–Si–TiC composite produced using 
powder metallurgy technique. The central composite second-order rotatable design is used for the design of 
experiments and response surface methodology (RSM) was employed for developing experimental models. The 
output parameters are material removal rate (MRR) and tool wear rate (TWR), which were to be optimized. Yang 
et al. [13] worked on pure tungsten for parametric optimization of WEDM. Response surface methodology, neural 
network and genetic algorithm were individually applied for optimum solution considering MRR and SR as 
response variables. A higher value of pulse-on time generates rougher surfaces and increases MRR. 
Simultaneously, Caydas and Hascalik [14] created a model for electrode wear and recast layer thickness through 
response surface methodology in a die- sinking electrical discharge machining process. Sharma et al. [15] 
investigated the optimized setting for the WEDM using response surface methodology. Somashekhar et al. [16] 
found the optimal setting of micro-WEDM by the grey relational grade as the overall performance index. The 
process parameters, namely gap voltage, capacitance, and feed rate were optimized by considering multiple 
performance characteristics including MRR, overcut, and SR. Aluminium plates were processed due to its wide 
applications in medical and aeronautical industries.  
A lot of research has been carried out on WEDM with various conductive materials. Out of that research, 22% 
is on the optimizing the process variables, 33% on WEDM development, 45% on monitoring and control the 
process [17]. In this research, the experiments were performed on WEDM taking HSLA 100 as a workpiece. The 
material is attracting interest because it is conductive, high strength and approximately low weight of same volume 
as compared to other steel. Due to its high strength, corrosion and wear resistant this makes it favourable for 
automobile. Every WEDM is come along with very limited operating data. This data is not sufficient for 
machining all material, there must be some performance analysis is required to find out the optimized set of 
parameters at which production as well as quality can be balanced. For this research study has been carried out to 
find out the optimal set of process parameters. As HSLA 100 is a hard material and main objective is to balance the 
production and quality. As WEDM are employed for machining of HSLA 100. Several researchers worked on 
WEDM but no one worked on HSLA 100 as work-piece. Electric discharge machining and laser beam machining 
have been applied to the machining of alloy steel in recent times, but even these processes have their own 
limitations; the most prominent are the surface finish and dimensional inaccuracies besides their undesirable 
effects on the machined surface such as heat affected zone, recast layer and thermal stresses [18]. There is a 
research gap exist in the litearure regarding WEDM machining of HSLA 100. 
The key objective of this paper is to study different process parameters of WEDM operations using RSM, in 
particular central composite rotatable design to develop an empirical relationship between different parameters and 
output responses namely MRR and SR. The mathematical model so developed is analyzed and optimized the 
process parameters producing optimal values of response variables. 
2. Experimental Procedure 
The experiments were performed on a five axis Electronica Sprintcut 734 CNC Wire cut machine. Sprintcut 734 
provides full flexibility to the operator in choosing parameter values with in a wide range. A brass wire of 250μm 
diameter is used as the tool material. De-ionized water is used as the dielectric. Table 1 shows the chemical 
composition of HSLA 100, material used for experimentation. 
Table 1. Chemical Composition of HSLA 100 
 
Element C P S Si Ni Cr Mo Cu Al Cb V Ti Sn Sb Fe 
Weight 
(%) 0.06 0.8 0.06 0.4 1.6 0.62 0.37 1.13 0.01 0.03 0.03 0.02 0.03 0.025 Balance 
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2.1. Generation of part drawing for the machining of Work-Piece 
 
The profile of the work piece to be cut is illustrated in fig 1. The wire entered the work piece at point A (8, 3). The 
wire will trace along a clockwise path AB, BC, CD, DE, EF, FB, and BA. Once the path of the wire is established, 
it is fed to the ELAPT software which automatically generated the NC code for cutting.                               
2.2. Monitoring of output response 
 
The metal removal rate (mm3/min) is calculated from the cutting speed data directly displayed by the machine tool 
with the help of the equation 1. Values of the cutting speed are noted at a distance of 2mm, 3mm, and 4mm from 
the initiation of cut along a particular axis. This is done to ensure that readings are to be noted only when the 
cutting is properly stabilized. The offset of the wire is set at zero.  
 
 
 
 
 
  
 Fig 1.     Work piece Profile 
= × ×     (1) 
 
Surface Roughness (SR) of the work pieces is measured using portable Mitutoyo made surface roughness tester SJ-
201P instrument. Average surface roughness (Ra) of six reading is to be taken. 
 
2.3. Response Surface Methodology and Design of Experimentation 
 
Response surface methodology (RSM) is a collection of mathematical and statistical techniques those are useful 
for the modeling and analysis of problems in which a response of interest is influenced by several variables and the 
objective is to optimize this response [19].There is a loss of productivity due to the wire breakage. A thorough pilot 
study [20] is to be carried out for the selection of process parameters range and their combination, so that loss of 
productivity can be minimized. Polynomial response surface in RSM has great advantages; it has a few 
disadvantages also. One such disadvantage is that the polynomials are untrustworthy when extrapolated beyond the 
experimental region. Another important disadvantage of using second order polynomial in RSM is that the size of 
experiments becomes too large and analysis becomes too complicated with more than three X variables or with 
more than three levels. However, a well-designed experimental plan can substantially reduce the total number of 
experiments. Central composite designs (CCD) are one of those means. Proceeding a step ahead, central composite 
rotatable designs of second order have been found to be the most efficient tool in RSM to establish the 
mathematical relation of the response surface using the smallest possible number of experiments without losing its 
accuracy [22]. The output response (y) can be modelled as  
ji
jiij
k
i
iii
k
i
ii xxxxy
1
2
1
0      (2) 
Where   xi, xj, xk are input or independent process parameters. 
0 ii, ij are unknown parameters or regression coefficients; = Random error. 
In the present research study, based upon the preliminary investigation [20], the following five process parameters 
i.e. Pulse on Time (TON), Pulse off Time (TOFF), Peak Current (IP), Spark Gap Set Voltage (SV) and Wire Tension 
F (5, 5) 
C (5, 0) D (0, 0) 
E (0, 5) 
X-axis 
Y-axis 
A (8, 3) B 
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(WT) are chosen as input parameters (xi). There are other factors which effect less significantly on the measures of 
performance, these are kept constant and called fixed factors. Table 2 shows the different control factors, their 
coded symbols, units and range. The Fixed process parameters are described below: 
Wire: Brass wire Ø 0.25mm; Work- Piece: HSLA 100; Dielectric conductivity : 15-20 mho ; 
Servo Feed: 2050 machine unit; Dielectric pressure : 7 kg/cm2; Dielectric temperature: 240C;  
Peak voltage: Setting 2; Wire feed rate : 8 m/min; 
 Table 2. Different levels of Control Factors 
Control Factors Coded Factor Units Lower Limit Upper Limit 
Pulse on Time( TON) A μ s 111 117 
Pulse off Time (TOFF) B μ s 36 50 
Spark Gap Voltage( SV) C V 30 50 
Peak Current (IP) D A 120 180 
Wire Tension (WT) E g 6 10 
 
Table 3. Design Matrix and Results for WEDM output responses 
Standard 
Order 
Run 
Order 
Process Parameters Responses 
A:Ton      
(μs) 
B:Toff        
(μs) 
C:SV        
(V) 
D:IP         
(A) 
E:WT       
(g) 
MRR        
(mm3/min) 
SR           
(μm) 
6 1 117 50 50 180 10 4.57002 2.41 
5 2 111 36 50 120 6 3.2292 1.79 
23 3 114 43 40 90 8 5.39784 2.3 
8 4 117 50 50 120 6 3.79764 2.51 
18 5 120 43 40 150 8 7.90938 2.89 
22 6 114 43 60 150 8 3.55284 2.16 
26 7 114 43 40 150 12 6.23808 2.27 
32 8 114 43 40 150 8 5.75622 2.29 
13 9 111 36 50 180 10 5.10984 2.01 
28 10 114 43 40 150 8 5.77656 2.38 
25 11 114 43 40 150 4 5.78592 2.28 
31 12 114 43 40 150 8 5.95962 2.21 
7 13 111 50 50 120 10 2.75706 2.01 
17 14 108 43 40 150 8 2.98602 1.45 
9 15 111 36 30 180 6 6.29802 2.28 
4 16 117 50 30 120 10 3.86784 2.66 
29 17 114 43 40 150 8 6.04098 2.32 
12 18 117 50 30 180 6 6.39 2.86 
24 19 114 43 40 210 8 6.3504 2.44 
30 20 114 43 40 150 8 6.29694 2.2 
19 21 114 29 40 150 8 7.5852 2.82 
10 22 117 36 30 180 10 9.83916 3.57 
6 23 117 36 50 120 10 6.0912 2.6 
2 24 117 36 30 120 6 10.201 2.96 
20 25 114 57 40 150 8 1.95624 2.37 
21 26 114 43 20 150 8 7.9326 2.8 
3 27 111 50 30 120 6 3.76272 1.99 
27 28 114 43 40 150 8 6.1128 2.2 
11 29 111 50 30 180 10 3.94902 2.03 
14 30 117 36 50 180 6 7.49088 2.66 
15 31 111 50 50 180 6 2.64384 1.68 
1 32 111 36 30 120 10 6.89724 1.93 
 
According to central composite deigns, with five control factors at half fraction, a total of 32 experiments need to 
be performed as shown in table 3. Each time the experiment was performed, a particular set of control factors were 
chosen and work piece was cut as per the fig1 (discussed earlier in section (2.1). 
 
3. Results and Discussion 
Total 32 experiments were conducted and average values of MRR (mm3/min) and SR (μm) are presented in table 
3. For analysis of data, checking the lack of fit of model is required. The model adequacy checking includes test 
for significance of regression model and lack of fit test. For this purpose Analysis of Variance (ANOVA) is 
performed.  
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3.1. Analysis of Metal Removal Rate 
 
 The fit summary Suggest that the quadratic model is statistically significant for analysis of MRR.  The reduced 
ANOVA for quadratic model is shown in the table 4. F-value is utilized to rank the significant factors. As for the 
experimentation of MRR quadratic model is suggested, non significant terms are removed by backward 
elimination of keeping alpha out 0.05 (i.e. confidence level 95%). After selecting quadratic model with backward 
elimination it is found that the model is not hierarchical and so the wire tension (WT or in coded form ‘E’) is added 
to form the model hierarchical. The model is significant as probability >F is less than 0.0001) and the F- value is 
large. The lack of fit is a measure of the failure of the model to represent data in the experimental domain, at 
which, points are not included in the regression variations in the model that cannot be accounted for by random 
error. If there is a significant lack of fit, as indicated by a low probability value, the response predictor is discarded 
[19]. From table 4 it is seen that the lack of fit value is 33.09, which shows that lack of fit is not significant relative 
to the pure error. The value of R2 for the model is calculated as 0.9924, which is very close to 1, shows that 
99.24% of the variation for metal removal rate is attributed to process parameters and the variation which cannot 
explained by model is 0.76%. This is an indication of better general ability and accuracy of polynomial model. The 
predicted R-Squared and adjusted R-squared has a close agreement with values 0.9509 and 0.9853 respectivily, as 
difference between these two are less than 0.2. Adequate Precision maesure the signal to noise and is equal to 
48.812. A ratio greater than 4 is desirable. Normality of residuals was checked using Normal probability plot. Most 
of the residuals fall on a straight line, which indicates that errors are normally distributed. [22]. 
 
           Table 4.  ANOVA for Response Surface of Reduced Quadratic Model of MRR 
Source SS DF MS F Value Prob > F   
Model 4.40E+05 15 29299.9 139.08 < 0.0001 significant 
A 1.13E+05 1 1.13E+05 536.41 < 0.0001 
B 1.80E+05 1 1.80E+05 856.17 < 0.0001 
C 88389.89 1 88389.89 419.57 < 0.0001 
D 8645.86 1 8645.86 41.04 < 0.0001 
E 4.46 1 4.46 0.021 0.8861 
A2 1940.38 1 1940.38 9.21 0.0079 
B2 9909.32 1 9909.32 47.04 < 0.0001 
AB 9727.01 1 9727.01 46.17 < 0.0001 
AD 1995.3 1 1995.3 9.47 0.0072 
AE 8903.73 1 8903.73 42.26 < 0.0001 
BC 11384.59 1 11384.59 54.04 < 0.0001 
BE 1058.17 1 1058.17 5.02 0.0395 
CD 1081.13 1 1081.13 5.13 0.0377 
CE 2701.4 1 2701.4 12.82 0.0025 
DE 920.35 1 920.35 4.37 0.0529 
Residual 3370.67 16 210.67 
Lack of Fit 2603.79 11 236.71 1.54 0.3309 not significant 
Pure Error 766.88 5 153.38 
Cor Total 4.43E+05 31         
Std. Dev. 0.24 R-Squared 0.9924 
Mean 5.58 Adj R-Squared 0.9853 
C.V. 4.34 Pred R-Squared 0.9509 
PRESS 6.04   Adeq Precision 48.812 
 
The empirical relation of MRR in terms of actual factors is obtained as follows. Final Equation in Terms of Actual 
Factors: 
MRR =-335.67632+4.83991*Ton+2.38064 *Toff-0.52937*SV-0.26033*IP+ 7.14089 *WT- 0.014926 *Ton2-
6.19557E-003*Toff2-0.019569 *Ton*Toff+2.06800E-003*Ton*IP-0.065527 *Ton*WT+ 6.35111E-003 *Toff *SV-
9.68143E-003*Toff*WT+4.56675E-004*SV*IP +0.010828*SV*WT +2.10675E-003*IP*WT               (3) 
MRR can be predicted from the equation 3 with multiple variable model. From the equation it is concluded that Main 
effects TON, TOFF, IP, SV, Two Factor Interaction between TON and TOFF, TON and IP, TOFF and SV, SV and WT and 
quadratic function of TOFF have significant effects on MRR. 
As with the cariation of one parameter the other parameter are also affected. This is shown with the help of 
interaction effect plot, cosidering two factors at a time and  keeping other process parameters at central value. The 
interaction effect of TON and TOFF on MRR (as shown in fig 3) shows that,  MRR attains a peak value 8.496 mm3/min 
at a high value of TON(117) and a low value of TOFF (36) where as it is minimum (3.2921 mm/min) for low value of 
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TON (111) and high value of TOFF (50).  
At small value of TOFF means, there will be more time duration for which current is on i.e. more number of 
discharges per second which implies that metal erosion will be more, hence faster MRR results.This is due to the fact 
that a high value of TON and lower value of TOFF means that discharge will act for  longer time, which results to a 
more discharge energy. 
 
 Fig. 2. Normal Probability plot of residuals for MRR   Fig. 3. Interaction effect of TON and TOFF 
  
Fig 4. Interaction of TON and WT             Fig 5. Interaction of TOFF and SV 
 
A large discharge energy will cause violent sparks resulting in faster  removal of metal. Hence metal removal rate 
increases. The interaction effect of TON and WT(Fig 4) shows that MRR will be maximum at higher value of 
TON(117) and lower value of WT(6). This is due to the fact that when moving wire become slack which produces 
unintensional wire deflection from its path, which removes the crater from the workpiece which are already 
machined, so metal removal rate decreases with decrease in wire tension. The 3D interaction plot of SV and TOFF 
(Fig 5) is shows that MRR increases with decrease in the Spark Gap Voltage (SV) and reaches to a value of 
7.276mm3/min.The main reason behind this is, higher the Spark Gap Voltage longer the discharge waiting time. To 
obtain the longer discharge wait time machining speed needs to be slowed down.So lower value of SV favours the 
productivity. Low value of TOFF yields better MRR due to the reason discussed earlier. Both the factors act 
synergetically to achieve faster MRR. This interaction plays a little part in contribution to MRR as indicated by 
smaller F-values and sum of squares. The main effect of process parameters also follow the same trend (fig 6) as 
illustrated in the case of interactions. The main effect of WT is included in the analysis to obey the Principle of 
hierarchy although it appears insignificant from the fig 4. MRR achieves a maximum value at a higher level of IP 
(180). This is due to the reason that higher the peak current larger will be the discharge energy and more will be the 
metal removal rate. 
 
3.2. Analysis of Surface Roughness 
 
The fit summary Suggest that the quadratic model is statistically significant for analysis of SR.  The reduced 
ANOVA table for quadratic model of SR is shown in the table 5. Because for the experimentation of SR quadratic 
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model is suggested, non significant terms are removed by backward elimination of keeping alpha out 0.05. The 
model is significant as probability >F is less than 0.0001 and model F-value is 66.19. From table 4 it is seen that the 
lack of fit value is 1.25, which shows that lack of fit is not significant relative to the pure error. There is a 43.14% 
chance that a Lack of Fit F-value large could occur due to noise. The value of R2 for the model is calculated as 
0.9766, which is very close to 1, shows that 97.66% of the variation for surface roughness is attributed to process 
parameters and the variation which cannot explained by model is 2.34%. This is an indication of better general ability 
and accuracy of polynomial model. Adequate Precision  measures the signal to noise ratio which is equal to 39.616 
and is grater than 4 which is desirable. This model can be used to navigate the design space. 
 
 
Fig 6. Main effect of process parameters on Metal Removal Rate   Fig 7: Normal Probability plot of residuals for SR 
Fig 7 shows the normal probability plot of residuals for SR. All the residuals are falling on the straight line, implying 
that errors are normally distributed, which satisfy the normality test conditions. Non significant terms are eliminated 
by backward elimination. The main effects of TON, TOFF, IP and SV interaction effects between TON and TOFF, TON 
and SV, TOFF and SV, TOFF and IP, SV and IP are found to be statistically significant for the analysis. Final Equation 
in Terms of Actual Factors: 
 SR = -82.87785+1.15793*Ton+0.24700*Toff+0.22879*SV+0.031398*IP-3.50427E-003*Ton2+1.52473E-003*Toff2 
+4.59615E-004*SV2-3.12500E-003*Ton*Toff-2.35417E-003*Ton*SV+6.69643E-004*Toff*SV-4.25595E-004*Toff*IP-
2.81250E-004*SV*IP      (4)  
 
Fig 8.  Interaction effect of TON and SV              Fig 9. Interaction effect of TOFF and IP 
 
This is age long fact that as well as cutting speed increases surface roughness also increases.  Interaction plot of TON 
and SV is shown in fig 8. From this it can be found that with the decrease in servo gap voltage SR increases and 
lower TON favours the cutting condition which improves surface finish. The effect TON factor cited earlier while 
higher the Spark gap voltage longer the discharge waiting time. For setting the balance between the longer waiting 
time and machining time, machining speed must be slow down, which favor the surface roughness.  Inteaction plot of 
TOFF and IP (Fig 9) shows that lower peak current favor the surface finish condition. This is due to the reason that 
lower the peak current lower will be the discharge energy and less will be the cutting speed which favors better 
surface condition.  The effect of TOFF explained earlier. Interaction plot of SV and IP (Fig 10) explains that lower 
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peak current and higher SV favors better surface finish. The fact for these two factors explained earlier context. The 
main effects of Process parameters also follow the same trend (fig 10) as illustrated in the case of interactions.  
 
 
3.3. Multi objective optimization of  Process Parameters 
Multi objective optimization is to optimize the process parameters for two or more than two response variables. In 
the present research study the main purpose is to set a compromise between metal removal rate and surface 
Roughness. This is a long age problem to optimize the parameters for MRR and SR, as both properties are 
contradictory in nature. Weighing method is used to distinguish this. Three experiments are performed. In the first, 
more weight is given SR (0.7), while in the second experiment more weight is for MRR (0.7). Many of the 
organizations are set a balance between production and quality, so equal preference of weight are given to MRR 
(0.5) and SR (0.5). Three confirmation experiments are performed for MRR and SR. Data about the weighting 
factors (w1 assigned to MRR and w2 assigned to SR), optimal set of control factors, predicted response values and 
confirmation experiment results are shown in table 6.Values of the control factors have been rounded off due to the 
limitations of machine settings. From the analysis of the table 6, it can be observed that calculated error is small.  
Error between the experimental and predicted values for MRR lies within -5.18 % to 5.65% and for SR error varies 
from -3.35 % to 4.18% respectively. So, this confirms excellent reproducibility of the experimental conclusions. 
 
 
Fig 10. Main effects of process parameters on surface roughness 
 
Table 5.  ANOVA for Response Surface of quadratic model for Surface roughness 
Source SS DF MS F Value Prob > F   
Model 5.34 12 0.44 66.19 < 0.0001 significant 
A 3.67 1 3.67 546.83 < 0.0001 
B 0.27 1 0.27 40.33 < 0.0001 
C 0.63 1 0.63 93.85 < 0.0001 
D 0.074 1 0.074 10.97 0.0037 
A2 0.03 1 0.03 4.4 0.0496 
B2 0.17 1 0.17 24.69 < 0.0001 
C2 0.063 1 0.063 9.34 0.0065 
AB 0.069 1 0.069 10.26 0.0047 
AC 0.08 1 0.08 11.88 0.0027 
BC 0.035 1 0.035 5.23 0.0338 
BD 0.13 1 0.13 19.02 0.0003 
CD 0.11 1 0.11 16.95 0.0006 
Residual 0.13 19 6.72E-03 
Lack of Fit 0.099 14 7.09E-03 1.25 0.4314 not significant 
Pure Error 0.028 5 5.67E-03 
Cor Total 5.46 31         
Std. Dev. 0.082 R-Squared 0.9766 
Mean 2.35 Adj R-Squared 0.9619 
C.V. 3.48 Pred R-Squared 0.923 
PRESS 0.42   Adeq Precision 39.616 
4. Conclusions 
In this paper influence of process parameters on metal removal rate and surface roughness is investigated. The 
parameters and their combinations affecting the process were obtained using ANOVA.  
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Table 6.  Confirmation experiments and their comparison with the results 
Weights Control Factors MRR (mm3/min) SR (μm) 
Sr. No. w1 w2 TON T0f SV IP WT Pred. Actual Error (%) Pred. Actual Error (%) 
1 0.3 0.7 111 36 30 120 8 6.8393 7.0893 3.52 1.934 1.8713 -3.35 
2 0.7 0.3 116 36 30 120 6 9.753 9.272 -5.18 2.8715 2.9547 2.81 
3 0.5 0.5 111 36 30 130 10 7.1163 7.543 5.65 1.9354 2.02 4.18 
 
From the analysis, it is concluded that: 
The predicted values match the experimental values reasonably well, with R2 of 0.9924 for MRR and R2 of 0.9766 
for SR. The most significant factor for Metal removal rate are TOFF, TON, SV, while IP and interaction of TON and 
TOFF, TON and WT, TOFF and SV, SV and WT are significant role. WT and Interaction of TON and IP, TOFF and WT, 
IP and WT very less significant for metal removal rate. In the calculation of surface roughness TON is the dominant 
factor. TOFF, SV, IP and interaction of TOFF and IP, SV and IP, TON and TOFF, TON and SV are the significant factor for 
surface roughness. WT and interacton of TOFF and SV have the negligible effect on surface roughness. With the 
increase in the value of TON surface roughness increases (i.e. surface finish decreases). Higher value of TOFF and SV, 
Lower value of IP favours the surface qualities. In the multi response optimization weight play an important role. 
This is concluded from the range of predicted value i.e from 6.8393 to 9.753 mm3/min for metal removal rate and 
from 1.934 to 2.8715μm for surface roughness. 
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